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Using a series of modified wtSV40 and early region SV40 DNAs, we assayed the effect of viral late region sequences on
T-antigen production by the SV40 early region. We found that SV40 late region (L-SV40) DNA sequences reduced T-antigen (T-Ag)
production by the SV40 early region (E-SV40) when both viral regions were linked as they are in wtSV40 DNA. This was
demonstrated by Western analysis which showed that E-SV40 DNA produced 10 times more T-Ag than wtSV40 DNA. L-SV40, with
its own promoter but unlinked to E-SV40 DNA, also greatly inhibited T-Ag production when it was cotransfected with E-SV40.
Therefore, L-SV40 DNA inhibited T-Ag production by E-SV40 DNA when present in cis or in trans. We have shown that expression
of the SV40 late transcription unit dominated that of the early (T-Ag gene) transcription unit because late region RNA accumulated
to much higher levels than early viral RNA. However, in cotransfected cells L-SV40 DNA did not replicate to higher levels than
E-SV40 DNA. We offer a model for control of T-Ag expression in which a relatively small amount of T-Ag activates late transcription
at the expense of T-Ag gene transcription and that this represents a switch from early to late viral gene expression. We suggest
that when activation of the late transcription unit occurs at the late promoter, expression of the T-Ag gene is greatly reduced. The
L-SV40 promoter may inhibit T-Ag gene transcription by sequestering cellular factors required for early transcription, factors which
may be present in limited amounts. We suggest further that activation of late transcription allows for the necessary production of
large amounts of capsomeres and virions and downregulation of early transcription prevents the early region from interfering with
capsid synthesis. We tested the model using a construct with a wild-type T-Ag gene but with mutations in the SV40 major late
promoter which prevent the promoter from being bound by cellular repressors of late transcription. We found that this construct,
which overproduces late SV40 RNA, was defective for T-Ag production. This indicates that activation of the late promoter results
in repression of T-Ag gene expression. © 1998 Academic Press
INTRODUCTION
The growth cycle of SV40 consists of early and late
phases which are controlled by viral T-antigen (T-Ag) and
cellular factors. Early in infection, synthesis of the large
and small T-Ags is initiated from the early coding region
but the capsid genes of the late region are repressed by
cellular factors which bind to the late promoter (Gruda
and Alwine, 1991; Fanning and Knippers, 1992; Wiley et
al., 1993; Zuo and Mertz, 1995; Berger et al., 1996). Rel-
atively later in infection and after large T-Ag is produced,
late gene expression is activated. This occurs when T-Ag
effects an alteration of the cellular repressors which
have bound the late promoter or replicated viral DNA
titrates the repressors (Keller and Alwine, 1984; Wiley et
al., 1993; Berger et al., 1996). However, activation of late
viral transcription can occur in the absence of both viral
DNA replication and T-Ag binding to the viral DNA reg-
ulatory region (Reed et al., 1976; Tooze, 1982; Keller and
Alwine, 1984; Brady et al., 1984; Tack and Beard, 1985;
Wildeman, 1989; Colombe et al., 1992).
An important consequence of T-Ag production is that
T-Ag gene transcription becomes repressed (Tooze, 1980;
Fanning and Knippers, 1992). How is T-Ag gene transcrip-
tion downregulated late in infection? Several studies, espe-
cially those with tsA58 SV40, a temperature-sensitive mu-
tant (ts) of T-Ag, suggest that early transcription is inhibited
by T-Ag binding to sequences on the early side of the viral
regulatory region (Reed et al., 1976; Khoury and May, 1977;
Rio et al., 1980; Tjian, 1981; Cogen, 1978; Tooze, 1982). At the
nonpermissive temperature of 40°C, tsA58 SV40 DNA rep-
lication is not induced and T-Ag repression of early tran-
scription is abrogated (Reed et al., 1976; Khoury and May,
1977; Tooze, 1982). Since T-Ag can bind to the regulatory
region and tsA58 T-Ag is defective for this binding and
overproduces early RNA at high temperature, downregula-
tion of T-Ag production is argued to occur by T-Ag binding
to viral DNA (Tooze, 1982). However, at the nonpermissive
temperature, tsA58 T-Ag is also defective in activating late
expression and this defect may not be a result of reduced
DNA replication (Tooze, 1982). Khoury and May (1977) sug-
gested that downregulation of early gene expression could
occur as a result of activation of late gene expression.
We have shown previously that the SV40 late region
(capsid genes) restricts virus growth in some human
cells, perhaps by reducing T-Ag production (O’Neill et al.,1 To whom reprint requests should be addressed.
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1990, 1992, 1998). In addition, in permissive simian cells
we have observed recently that early SV40 DNA pro-
duced more large T-Ag than wtSV40 DNA, which con-
tains a complete late region, or a combination of early
SV40 DNA and an unlinked SV40 late region. Indeed, we
have observed that not only late SV40 DNA but plasmid
or cell DNAs appeared to greatly reduce T-Ag production
when linked to early SV40 DNA. This has led us to
hypothesize that viral DNA outside the T-Ag gene might
normally downregulate T-Ag production and might play
an integral role in regulating the growth cycle of SV40.
Consequently, we wished to directly analyze the possible
role of the SV40 late region in T-Ag production in per-
missive simian cells.
Another reason for analyzing the affect of the SV40
late region on T-Ag production arose from earlier stud-
ies with the variant EL-SV40. EL-SV40 is composed of
a pair of defective SV40 genomes which appeared
after growth of wtSV40 in some types of human neural
cells (O’Neill et al., 1982). The defectives contain ge-
nomes with complete early (E-SV40) or late (L-SV40)
coding regions. E-SV40 has a deleted late region and
L-SV40 has a deleted early region. In the absence of
wtSV40, E- and L-SV40 complement for infectivity.
However, it is known that some SV40 defective DNAs
can interfere with the growth of wt virus (Brockman et
al., 1973; Carroll et al., 1981; Norkin, 1982). We have
shown previously that L-SV40 but not E-SV40 DNA
possessed this interference property and was a potent
inhibitor of wtSV40 growth and wtSV40 cell killing
(O’Neill and Carroll, 1983; O’Neill et al., 1987). Conse-
quently, we wished to determine how L-SV40 inter-
fered with wtSV40. Because the viral early and late
regions function when physically unlinked, it helped us
to analyze the effects of SV40 early and late gene
expression.
In order to analyze the affect of late gene expression
on early gene expression, we have begun a detailed
study of T-Ag production by E-SV40, wtSV40, and EL-
SV40 DNAs. We found that E-SV40 DNA produced 10
times more T-Ag than wtSV40 DNA. We found also that
late viral sequences appeared to inhibit T-Ag production
when linked to the T-Ag gene, as in wtSV40 DNA, or
when L-SV40 genomes were present in a separate DNA
molecule. The inhibition by L-DNA resulted in a marked
reduction in the production of T-Ag RNA. The affect
appeared to be mediated, at least in part, by the relative
overexpression of L-SV40 genomes (compared to that of
E-SV40 DNA) which was controlled by the viral late
promoter. When we analyzed a SV40 major late promoter
mutant, unable to bind transcription repressors of the
late promoter, we found that the mutant was defective for
T-Ag production. This indicates that L-SV40 normally
downregulates T-Ag production when the late promoter
is activated in the late phase of virus growth cycle. We
suggest that the inhibition of T-Ag production is one
mechanism by which L-SV40 and perhaps other defec-
tive viral DNAs slow the growth of wtSV40 and is a result
of the switch from early to late viral gene expression.
RESULTS
T-Ag production by wtSV40 and E-SV40 DNAs
SV40 viral DNAs containing the T-Ag gene were trans-
fected into simian TC-7 cells and the cells were incu-
bated in growth medium at 37°C (Fig. 1). Periodically,
replicate cultures were harvested, the proteins extracted,
and T-Ag was identified by Western analysis. In a small
number of experiments, T-Ag was analyzed by immuno-
precipitation of metabolically labeled proteins. For sev-
eral reasons most of the analyses were performed on
cells incubated for 48 or 72 h after transfection. In cells
transfected with wtSV40, infectious virus was produced
and began to spread after 3 days, then making it impos-
sible to relate the amount of T-Ag produced to only the
transfected DNA. When E-SV40 DNA was transfected,
maximum amounts of T-Ag appeared in 3 to 4 days but
thereafter gradually decreased and by 10 days T-Ag was
nearly undetectable. As was demonstrated by Southern
analysis, the loss of T-Ag in E-SV40-transfected cells
coincided with a gradual depletion of E-SV40 DNA. Al-
though we focused primarily on simian TC-7 cells be-
cause they were more easily transfected, results similar
to those described below were also obtained with CV-1
and BSC-1 simian cells and also human cells.
Using the quantitative Western blot (Fig. 2A) as a
guide, we then compared the relative amounts of T-Ag
produced by E-SV40, EL-SV40, and wtSV40 DNAs. We
used both E-SV40 (776)1R and E-SV40v1R DNAs, sepa-
rately or in combination with L-SV40. Two micrograms of
each viral DNA construct were transfected. We found
that E-SV40(776)1R and E-SV40v1R consistently pro-
duced at least 10 times more T-Ag than wtSV40 or EL-
SV40 DNAs (Figs. 2B, lanes 1, 4, and 5; 2C, lanes 1, 2, and
4; and Fig. 3, lanes 1–6). The consistently reduced level
of T-Ag in wtSV40 and EL-SV40-transfected cells sug-
gested that the SV40 late region possessed an inhibitory
effect on T-Ag production.
T-Ag production by SV40–plasmid DNA chimeras
Because L-SV40 appeared to inhibit T-Ag production, we
wished to analyze the effects of other DNAs. We focused on
plasmid DNA. Simian cells were transfected with E-SV40–
plasmid DNA chimeras, wtSV40–plasmid DNA chimeras,
and E-SV40 and wtSV40 DNAs unlinked to plasmid DNA. In
the case of E-SV40 and wtSV40, the viral DNAs were co-
transfected with plasmid DNA because the viral genomes
were cleaved from viral–plasmid DNA molecular clones
and used without eliminating the plasmid DNA. Two to
three days later transfected cells were assayed for T-Ag by
Western analysis. The results from these experiments show
that, when present in cis, plasmid DNA strongly inhibited
T-Ag production by E-SV40 and wtSV40 DNAs. The inhibi-
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tion was greater than that of late viral DNA and was often
as great as 50-fold (Figs. 2B, lanes 2, 3, 6, and 8, and 2C,
lanes 5 and 6).
T-antigen produced by ori2 E-SV40 DNA
Because replication might be important in T-Ag produc-
tion, as it would potentially expand the amount of viral DNA
to be expressed, we analyzed a replication defective mu-
tant of E-SV40 DNA which contained a small deletion in the
replication origin. Circular ori2 E-SV40 DNA was trans-
fected into TC-7 cells and T-Ag isolated and compared to
that produced by E-SV40 (ori1) circular DNA. As demon-
strated in Fig. 2 (B, lane 7, and C, lane 3), the ori2 mutant
consistently produced only very small amounts of T-Ag.
This was 20- to 50-fold less T-Ag than was produced by
E-SV40v1R and E-SV40(776)1R DNAs. However, ori- E-SV40
DNA produced morphologic transformation of human and
mouse cells at least as efficiently as ori1 E-SV40 (O’Neill et
al., 1994). The amount of T-Ag produced in ori2 E-SV40
transformants was very similar to that in transformants
produced from ori1 E-SV40 constructs containing an intact
replication origin (not shown).
T-Ag production by E-SV40 or wtSV40 DNAs
cotransfected with L-SV40 or with a L-SV40
regulatory region DNA fragment
In order to determine if late SV40 sequences, when
present in trans, could influence T-Ag production, we
examined T-Ag production in TC-7 cells cotransfected
with E-SV40 and L-SV40 genomes. Cells were trans-
FIG. 1. DNA maps of E-SV40, wtSV40, and L-SV40. The two E-SV40 DNAs are E-SV40(776)1R and E-SV40v1R. Both contain the entire large and small
T-Ag genes but the late region was deleted. E-SV40(776)1R is derived from wtSV40 strain 776 DNA and E-SV40v1R is derived from the EL-SV40 variant.
1R signifies that each contains a single regulatory region. L-SV40v1R contains the entire viral late region, while the early region was deleted.
E-SV40v1R DNA but not E-SV40(776) DNA contains three dispersed nucleotide substitutions in the T-Ag gene and a 9-bp insertion in the 39 terminus
of the T-Ag gene (O’Neill et al., 1993).
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fected with 2 mg each of E-SV40 and L-SV40 DNAs or
wtSV40 and L-SV40 DNAs. As shown in Figs. 3 and 4, the
presence of L-SV40 genomes reduced T-Ag production
by all E-SV40 and wtSV40 DNAs, usually by at least
10-fold. Because the reduction in T-Ag was so great, it
indicated that L-SV40 inhibited T-Ag production by a
mechanism which was more potent than simply diluting
E-SV40 DNA in an environment where factors required
for E- and L-SV40 expression were limiting. Also, the
inhibition was specific to L-SV40 or as shown below to
the L-SV40 regulatory region. When E-SV40 genomes
were cotransfected with plasmid DNA there was no T-Ag
inhibition even when plasmid DNA was cotransfected in
6-fold excess of E-SV40 (Fig. 4, lane 6). As indicated
below, the trans inhibition by L-SV40 was also observed
at day 2 and then 5 to 8 days after cotransfection. How-
ever, as noted earlier, in cells transfected with only E-
SV40 DNA, T-Ag and E-SV40 DNA became slowly de-
pleted after day 4.
A similar inhibition of T-Ag production was observed in
cells containing wtSV40 plus L-SV40, indicating that L-
SV40 could add to the inhibition produced by the late
region present in wtSV40 DNA (Fig. 4, lanes 10 and 11).
We then examined the effects of L-SV40 DNA which
contained a defective Vp1 gene or a defective Vp2 gene
or a construct which contained only a 730-bp L-SV40
regulatory region. The Vp1 mutant, the Vp2 mutant, or the
L-SV40 regulatory region was cotransfected with E-SV40
DNA. As shown in Fig. 4 (lanes 3, 4, 7, 8, 12, and 13), all
of the constructs strongly inhibited T-Ag produced from
E-SV40 or wtSV40 DNAs. This inhibition was often
greater than that produced by prototype L-SV40 and
occurred even though the mutant L-SV40 DNAs could not
complement E-SV40 for infectivity. In addition, just the
L-SV40 regulatory region strongly inhibited T-Ag produc-
tion, even when it was still linked to plasmid DNA (Fig. 4,
lanes 7 and 8). Therefore, the inhibition by L-SV40 ge-
nomes did not require the production of capsid proteins.
Relative amounts of T-Ag and Vp1 in E-SV40 1
L-SV40 cotransfected cells
Because L-SV40 inhibited T-Ag production so strongly,
we wished to determine if this inhibition was perhaps
related to overexpression of late SV40 proteins. If the late
region was relatively overexpressed, much more Vp1FIG. 2. Immunoprecipitation and Western analyses of T-Antigen (T-
Ag) in SV40 DNA-transfected TC-7 cells. (A) A Western blot which
contains increasing concentrations of T-Ag (1, 5, 10, and 20 mg) from a
72-h E-SV40v1R transfection. By comparing the intensities of bands
produced with 1 mg of protein to that with 10 or 20 mg of protein we
could estimate 10- and 20-fold differences in the amount of T-Ag. For B
and C, cells were transfected with various viral DNAs containing an
intact T-Ag gene. In each experiment, we transfected 2 mg of E-SV40
DNA or wtSV40 DNA or 2 mg of each viral DNA when two viral DNAs
were transfected. Plasmid DNA was transfected in equal amounts to
viral DNA (see Materials and Methods.) (B) Immunoprecipitates of
[35S]methionine metabolically labeled cells (4-h pulse label). (C) West-
ern blots prepared directly from transfected cells. In B, lanes 1 and 4
are immunoprecipitates of T-Ag from cells transfected with circular
DNA containing the entire wtSV40 genome. Lane 5 contains T-Ag from
E-SV40 circular DNA. Lanes 2, 3, 6, and 8 contain T-Ag from circular
genomes of SV40 DNA as part of recombinant pUC19 plasmid DNA
transfected cells. Lane 7 contains T-Ag from cells transfected with an
origin deleted (ori2) E-SV40 construct. (C) The amount of T-Ag produced by
E-SV40 (lanes 1 and 2), by ori2 E-SV40 DNA (lane 3) unlinked to plasmid
DNA, by E-SV40 linked to plasmid DNA (lane 5), and by wtSV40 DNAs
unlinked (lane 4) and linked (lane 6) to plasmid DNA. Immunoprecipitates
were made with a cocktail of PAb101, PAb108, and PAb416 monoclonal
antibodies and Western blots were probed with a cocktail of PAb108 and
PAb416 monoclonal antibodies (O’Neill et al., 1997).
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than T-Ag would appear in cotransfected cells. This was
done even though we had shown that the capsid genes
were not required for T-Ag inhibition. It allowed us to
estimate the relative level of expression of genes con-
trolled by the late promoter. At various times after E-SV40
DNA transfection or E- plus L-SV40 DNA cotransfection,
the relative amounts of T-Ag and Vp1 were determined by
Western analysis. As shown in Fig. 3 (lanes 2 and 4–6)
within 3 days, at least 10-fold more Vp1 than T-Ag was
detected. Vp1 overexpression was also observed in lyti-
cally infected cells, 5 to 8 days after cotransfection.
However, after 4 days Vp1 overexpression was less pro-
nounced (not shown). This relative overexpression of the
late viral region, compared to the early region, also
occurred in wtSV40 DNA-transfected cells (Fig. 3, lanes 5
and 6). Note also that the amount of T-Ag in cells trans-
fected with E-SV40 DNA alone was again much greater
than that in cotransfected cells (lanes 1–4).
As shown below, the apparent relative overproduction
of the Vp1 protein coincided with the relative overpro-
duction of late viral RNA. Therefore, the L-SV40 Vp1
gene, relative to the cotransfected large T-Ag gene, was
greatly overexpressed when present both in cis and in
trans and at both early and late times after productive
infection. However, as indicated, the capsid genes are
not required for this inhibition. As expected, when only
L-SV40 DNA was transfected into simian cells in the
absence of T-Ag, no Vp1 protein was detected (not
shown). This is paradigmatic of the requirement for T-Ag
to effect Vp1 gene expression (Tooze, 1982).
Transcription
The presence of L-SV40 sequences or the L-SV40
regulatory region reduced the amount of T-Ag produced
by E-SV40 DNA in transfected cells. In order to determine
if the reduction of T-Ag was caused by reduced accumu-
lation of the early SV40 RNA, we analyzed SV40 RNA 3
days after transfection with E-SV40 and E-SV40 plus
L-SV40 DNAs. To identify early (T-Ag gene) transcripts,
we used the 1-kbp NdeI DNA fragment of E-SV40 DNA as
a probe. To identify both early and late transcripts we
used wtSV40 DNA as a probe. However, in order to first
identify the position of L-SV40 transcripts, we used the
EcoRV–ApaI DNA fragment as a probe (not shown). For
several reasons, the NdeI DNA fragment probe cannot
recognize early transcripts made from the late strand of
E-SV40 DNA because such transcripts are a continuation
of those made from the late region of wtSV40 DNA
(Tooze, 1982) and in E-SV40-transfected cells the late
region has been deleted. Also, early transcripts from the
FIG. 3. Western analysis of T-Ag and Vp1 in simian cells transfected
with E-SV40 DNA, E-SV40 plus L-SV40 DNAs, or wtSV40 DNA. As in Fig.
2, 2 mg of each viral DNA was transfected. PAb597 monoclonal anti-
body was used to identify Vp1 protein (O’Neill et al., 1994). This analysis
shows that in separate experiments, much more T-Ag is produced by
E-SV40 DNA (lanes 1 and 3) than by wtSV40 DNA (lanes 5 and 6). In
addition, when L-SV40v1R DNA is cotransfected in equal amounts with
E-SV40 DNA, the amount of T-Ag produced is greatly reduced and is
similar to that produced by wtSV40 DNA (lanes 2, 4, and 6). When
L-SV40 sequences are present as DNA cotransfected with E-SV40 or
are present within wtSV40 DNA, Vp1 is produced in amounts greater
than T-Ag (lanes 2, 4–6). This is consistent with results from Northern
analysis (Fig. 5). The transfections with E-SV40v1R and E-SV40v1R plus
L-SV40v1R (lanes 1 and 2) were done at different times from those
using E-SV40(776)1R and E-SV40(776)1R plus L-SV40v1R (lanes 3
and 4).
FIG. 4. Western analysis of T-Ag in simian cells transfected with
E-SV40, E-SV40 plus mutant L-SV40 DNAs and E-SV40 plus the L-SV40
regulatory region. Simian cells were transfected for 3 days with 2 mg of
each of the different constructs or combination of constructs and T-Ag
was analyzed as in Fig. 2. The constructs L-SV40 Vp12 and L-SV40
Vp22 contained three regulatory regions, while L-SV40v1R contained
one regulatory region. The additional regulatory regions do not in-
crease the competitive advantage of L-SV40 DNA against E-SV40 DNA
within a period of 7–10 days. pOri contained a single regulatory region
derived from L-SV40v1R.
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late strand are present in very low amounts (Tooze,
1982). In addition, transcripts from the late region are
made predominantly from the late strand in wtSV40 DNA
(Tooze, 1982). From the Northern blots, it is clear that
E-SV40 DNA alone produced large amounts of RNA but
when L-SV40 DNA was present it greatly inhibited the
accumulation of RNA encoded by E-SV40 (Fig. 5A, lanes
1–4). This observation is consistent with the relative
levels of T-Ag and Vp1 and it provides additional evi-
dence that the relatively high level of viral RNA in E-SV40-
transfected cells is transcribed from the early strand
because RNA transcribed from the late strand of the T-Ag
gene could not produce T-Ag. Therefore, we conclude
that the inhibition of T-Ag production caused by L-SV40
DNA is mediated by inhibition of the accumulation of
T-Ag RNA.
We then assayed the level of late viral (L-SV40) RNA in
these same experiments. While the presence of the SV40
late region inhibited T-Ag RNA accumulation, L-SV40
RNA was abundant and in great excess of E-SV40 RNA
(Fig. 5B, lanes 3 and 4). In addition, the presence of
L-SV40 DNA did not inhibit E-SV40 DNA replication
(shown below). These findings indicate that the ability of
L-SV40 DNA to inhibit T-Ag produced from E-SV40 DNA
is based on the overproduction of late viral RNA relative
to early viral RNA. We note also, since activation of late
SV40 transcription and replication require T-Ag (Tooze,
1982; Fanning and Knippers, 1992), our findings suggest
that only a relatively small amount of T-Ag is required to
activate late viral transcription and viral DNA replication.
Reduced amounts of RNA were also found in cells
transfected with SV40-pUC19 chimeric DNA but the RNA
was all anomalously larger in size suggesting that the
RNA was also chimeric (Fig. 5C).
Role of replication in T-Ag production
Because replication defective ori2 E-SV40 genomes
produced less T-Ag, it indicated that at least some rep-
lication was required for full T-Ag production in permis-
sive simian cells. This was also concluded by Khoury
and May (1977). However, different rates of replication
cannot explain differential expression of the early and
late regions of wtSV40 DNA because all viral sequences
FIG. 5. Northern analysis of RNA in transfected cells. We analyzed and compared viral RNA in E-SV40, wtSV40, and E-SV40(776)1R plus L-SV40v1R
DNA-transfected TC-7 cells. Cells were transfected with 2 mg of each viral DNA and 72 h later the cellular plus viral RNA was extracted and purified
as described (Ausubel et al., 1987). The RNA was probed with 32P-labeled SV40 DNA probes as described (Ausubel et al., 1987; O’Neill et al., 1990).
A and C were probed with the NdeI SV40 DNA fragment specific to the early region, while B was probed with wtSV40 DNA. [The wtSV40 DNA probe
identified early and late viral transcripts. However, the position of late SV40 transcripts was previously identified using a late SV40 sequence specific
probe (see Materials and Methods).] In C the unprocessed RNA was identified by comparing Northern blots of purified polyadenylated RNA. The
bands noted ‘‘unprocessed RNA’’ were not present in poly(A)1 blots. In wtSV40-transfected cells there was less early (T-Ag) RNA produced than in
E-SV40-transfected cells (not shown). In the wtSV40 DNA–plasmid DNA chimera transfected cells, all of the viral transcripts are anomalous in size.
We suggest that the presence of plasmid sequences has impaired proper processing of the RNAs. In A and B are transcripts from E-SV40-transfected
or E-SV40 1 L-SV40-cotransfected cells. The descriptions appear between A and B. In B both early and late SV40 transcripts are identified.
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are contained in a single molecule. Nevertheless, we
compared E-SV40 and L-SV40 replication in cotrans-
fected cells in order to determine if L-SV40 DNA accu-
mulated to higher levels. However, we found that within
the first several days after transfection, E-SV40 DNA
rather than L-SV40 DNA accumulated to higher levels
(Fig. 6A, lanes 1–6). The relative overproduction of E-
SV40 DNA was also observed when the EL-SV40 variant
was first identified (O’Neill et al., 1982). Therefore, inhi-
bition of T-Ag RNA accumulation could not be accounted
for by differences in the accumulation of E-SV40 and
L-SV40 DNA.
We also compared the replication of E-SV40, wtSV40,
and wtSV40–plasmid DNA chimeras. All three molecules
replicated in TC-7 cells, but the SV40–plasmid DNA chi-
meras replicated less efficiently (Fig. 6B, lanes 1–9).
Although the chimeric DNA was cleaved with MboI and
was resistant to DpnI, there was usually less DNA pro-
duced, and after 10–11 days SV40–plasmid DNA was
nearly undetectable in transfected TC-7 cells (not
shown). Also, very little T-Ag was produced within 72 h
and at later times was undetectable. Therefore, wtSV40
DNA replicated in TC-7 cells as well as E-SV40 DNA.
Consequently, while replication is required for optimal
T-Ag production, reduced T-Ag production from E-SV40
DNA in the presence of L-SV40 could not be explained by
reduced E-SV40 replication. Rather, in cells transfected
with unlinked early and late viral DNAs, E-SV40 DNA
replicated in excess of L-SV40 DNA.
T-Ag production by the major late promoter double
mutant
If activation of the SV40 MLP contributes to the down-
regulation of T-Ag production, then mutants in the MLP
which cannot efficiently bind cellular repressors of late
transcription should demonstrate reduced T-Ag production.
This should occur because in the absence of repressor
FIG. 6. Southern analysis of DNA replication by E-SV40, E- 1 L-SV40, wtSV40, and chimeric wtSV40–plasmid DNAs. Two micrograms of
E-SV40(776)1R, wtSV40, 2 mg each of E- 1 L-SV40, and 4 mg of chimeric DNAs were transfected into TC-7 cells and 72 h later the cell plus viral DNA
was purified as described (O’Neill et al., 1995). The DNA was digested with PstI or BamHI to linearize the SV40 genome or codigested with PstI, or
BamHI, plus DpnI or MboI to determine if the viral DNA had replicated (see Materials and Methods). DpnI cleaves only methylated DNA (methylated
at adenine residues of GATC by E. coli dam methylase) and MboI cleaves only unmethylated DNA. After replication in mammalian cells, the DNA
becomes unmethylated and then is resistant to DpnI but sensitive to MboI cleavage. However, partially replicated molecules are more sensitive to
MboI cleavage than to DpnI cleavage (Brown, 1991). In cells cotransfected with E- 1 L-SV40 DNAs, each DNA molecule could be identified after PstI
digestion because the E-SV40 genome is several hundred base pairs larger than L-SV40 (O’Neill et al., 1982, 1993). From the digests shown here,
the L-SV40 large fragment appears below the early region fragment. Further restriction analysis demonstrated that no L-SV40 DNA could be detected
in the E-SV40 band (not shown).
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binding, the promoter should be active, as it is late in SV40
infection, and T-Ag would be downregulated. Therefore, we
transfected TC-7 cells with 2 mg of the MLP double mutant
pm322CxLS26 and identified T-Ag on Western blots 40, 48,
and 72 h and 6 and 9 days later. As controls, replicate TC-7
cell cultures were transfected with 2 mg of a wt structured
genome (p140) or 2 mg of E-SV40v1R DNA. In two experi-
ments, Western blots showed that within 40 to 72 h both
p140 and pm322CxLS26 produced small amounts of T-Ag
relative to E-SV40v1R (Fig. 7A, lanes 1–9). This was ex-
pected because both constructs contained the viral late
region which included the MLP. Between 18 and 24 h
posttransfection T-Ag was virtually undetectable in Western
blots. Consequently, we measured T-Ag 18 h after transfec-
tion by immunoprecipitation (Fig. 7A, Exp. 2, lanes 1 and 2).
We found that in pm322CxLS26-transfected cells, T-Ag ap-
peared in approximately fivefold lower amounts than p140
T-Ag. The reduced T-Ag in pm322CxLS26-transfected cells
was present as early as 18 h and persisted up to 72 h
posttransfection (Fig. 7A, Exps. 1 and 2, lanes 1–4).
In order to determine if both pm322CxLS26 and p140
DNAs were introduced into TC-7 cells in equal amounts,
we performed Southern analysis of DNA 18 h after trans-
fection. In Fig. 7B, it is shown that both viral DNAs were
present in equal amounts. Also, digestion with MboI and
DpnI showed that there was relatively little replication at
this time, although both DNAs had replicated equally.
However, after 40 h there was at least 200 times more of
both viral DNAs, nearly all of which had replicated (not
shown).
We also analyzed early and late SV40 mRNAs with
strand-specific RNA probes in an RNase protection as-
say. We found that within 18 to 40 h posttransfection, the
MLP mutant produced fivefold less early RNA but much
more late RNA than control p140 SV40 DNA (not shown).
Therefore, relative to p140, the major late promoter dou-
ble mutant was defective for T-Ag gene expression.
DISCUSSION
We have shown here that in simian cells transfected
with wtSV40 or EL-SV40 DNAs, there was inhibition of
T-Ag production. This suggested that viral DNA outside
the T-Ag gene might mediate downregulation of T-Ag
production during productive infection. Since L-SV40
DNA appeared to inhibit T-Ag production by E-SV40 DNA,
when present in cis and in trans, this inhibition might
represent an important step in the switch from the early
phase to the late phase in the SV40 growth cycle. Late in
the viral growth cycle, the overexpression of the capsid
genes relative to T-Ag may be required to ensure the
production of large amounts of virus. To investigate this
in detail, we first compared T-Ag production in TC-7 cells
transfected with E-SV40 DNA and wtSV40 DNA. We
found that E-SV40 DNA produced at least 10 times more
T-Ag than wtSV40 DNA, suggesting that the late SV40
sequences, which are deleted in E-SV40, inhibit T-Ag
production when present in cis. We also investigated
T-Ag production in E-SV40 1 L-SV40-transfected cells.
Again, we found that the presence of L-SV40 DNA in
trans reduced T-Ag production by E-SV40 10-fold. Con-
sequently, the SV40 late region appeared to possess
both a cis- and a trans-acting inhibitory effect on T-Ag
production by the early region. However, not only did the
SV40 late region inhibit T-Ag production but plasmid DNA
in cis was also inhibitory and to an even greater extent.
Plasmid DNA did not inhibit T-Ag production when
present unlinked to E-SV40.
To investigate the basis for the inhibition by L-SV40,
we compared the levels of T-Ag and Vp1 produced in
wtSV40- and EL-SV40-infected cells. We found that com-
pared to T-Ag, Vp1 was greatly overproduced. Analysis of
viral RNA in transfected cells indicated that in the pres-
ence of late sequences, both in cis and in trans, E-SV40
RNA was reduced and L-SV40 RNA was again relatively
overrepresented.
Reduced amounts of E-SV40 RNA are likely to be a
result of reduced transcription. Several mechanisms may
lead to reduced transcription, including those which af-
fect formation of active chromatin, transcription elonga-
tion, efficiency of polyadenylation, stability of pre-mRNA
molecules, and encapsidation of viral DNA (Tooze, 1982;
Tack and Beard, 1985). Evaluation of each of these mech-
anisms must consider that only early viral RNA is re-
duced while late RNA is relatively elevated and that the
inhibitory effect of L-SV40 DNA was also observed when
it was unlinked to E-SV40 DNA. While it is possible that
in the presence of L-SV40 DNA the E-SV40 transcripts
are unstable, it is difficult though not impossible to ex-
plain how the relatively high stability of the L-SV40 tran-
scripts is maintained. Also, encapsidation of E-SV40
DNA cannot explain reduced E-SV40 transcription be-
cause only the L-SV40 regulatory region is required to
inhibit E-SV40 RNA production and in these experiments
no capsid genes are present. Further analyses are re-
quired to determine how early viral RNA production is
downregulated by L-SV40. However, below we offer a
model of how L-SV40 inhibits E-SV40 expression.
E-SV40 constructs which contained deletions
around and including the major late promoter overpro-
duced T-Ag relative to wtSV40 DNA. In cotransfection
experiments only the L-SV40 regulatory region con-
taining the late promoter was required to effect an
inhibition of early SV40 transcription. This suggests
that the late promoter interferes with expression of the
T-Ag gene. To further test the role of the late promoter
in early region expression we analyzed T-Ag produc-
tion by the major late promoter double mutant
pm322CxLS26. pm322CxLS26 fails to bind several
cellular repressors which normally inhibit late gene
transcription early in infection (Wiley et al., 1993; Zuo
and Mertz, 1995). We found that pm322CxLS26 was
defective for T-Ag production for a significant period,
beginning early after transfection. This indicated that
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the major late promoter could effect reduced T-Ag
production. We propose that L-SV40 with its promoter
inhibit E-SV40 transcription by physically sequestering
factors required for transcription, factors which are
in limited amounts and which work during both early
and late phases of SV40 infection. However, it is un-
FIG. 7. T-Ag production by the SV40 major late promoter (MLP) double mutant pm322CxLS26. (A) Two micrograms of pm322CxLS26 SV40 DNA was
cleaved from its vector with EcoRI, self-ligated, and transfected into TC-7 cells. As one control we transfected 2 mg of p140 DNA, which is a wtSV40
structured genome with a frame shift mutation in the Vp1 gene but without the MLP mutations in pm322CxLS26. However, like p140, pm322CxLS26
also contains a Vp1 frame shift mutation. In a second control, we transfected 2 mg of E-SV40 DNA. Periodically cell extracts from the MLP mutant
or p140-transfected cells were assayed for T-Ag on Western blots. Experiment 1: T-Ag production was examined at 48 and 72 h and 6 and 9 days after
transfection. Lanes 1, 3, 5, and 7 are pm322CxLS26 extracts and lanes 2, 4, 6, and 8 are from p140 extracts. Lane 9: E-SV40v1R-transfected TC-7 cells
(72 h); lane 10: untransfected TC-7 cells. Western blots were probed with a cocktail of PAb108 and PAb416 anti-T-Ag monoclonal antibodies (O’Neill
et al., 1997). Experiment 2: At 18 h after transfection we identified T-Ag by immunoprecipitation (IP) and then by Western analysis at 40 h
posttransfection. In lanes 1 and 3 are the pm322CxLS26 extracts and in lanes 2 and 4 are the p140 extracts. (B) The amount of viral DNA present
in transfected cells was determined by Southern analysis at 18 h posttransfection. In order to ascertain the level of replication of the two viral DNAs,
we digested the DNA with MboI or DpnI. Lanes 1–3: pm322CxLS26; lanes 4–6: p140. Lanes 1 and 4 are EcoRI digested; lanes 2 and 5: EcoRI 1 MboI;
lanes 3 and 6: EcoRI 1 DpnI. In all lanes the 1-kbp NdeI early region fragment was used as a probe.
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likely that the binding of transcription factors to the
late promoter sterically interferes with the function of
the early promoter because L-SV40 exhibits inhibition
of T-Ag production when it is linked or unlinked to
E-SV40 DNA.
Because L-SV40 strongly interferes with T-Ag produc-
tion, it is possible that late viral transcription must be
limited early in infection. Alwine and Picardi (1986) sug-
gested that repression of the late promoter early in in-
fection may prevent interference by the late promoter
with expression driven by the early promoter. We suggest
that if the late promoter was not repressed, T-Ag might
be produced in an amount too small to result in a pro-
ductive infection. This may help explain the semipermis-
sive nature of some human cell types to SV40 infection
where infection results in the production of very little
T-Ag (Lebkowski et al., 1985; Lewis and Manley, 1985;
O’Neill et al., 1998). Perhaps the cellular repressors of
late SV40 transcription are not as efficient in some hu-
man cells and late transcription is not inhibited early in
infection. This may result in inhibition of early transcrip-
tion. In simian cells, we suggest that late in infection the
late promoter is normally overexpressed relative to the
early promoter so that large amounts of capsid proteins
can be synthesized. This is required to form the large
numbers of infectious virions and each virion contains
360 units of Vp1 protein (Tooze, 1982).
Downregulation of T-Ag production by the viral late
region is a somewhat different process than that sug-
gested as autoregulation of T-Ag gene expression,
where T-Ag binds to the viral regulatory region and re-
duces early transcription (Cowan et al., 1973; Reed et al.,
1976; Khoury and May, 1977; Cogen, 1978; Rio et al., 1980;
Tjian, 1981; Tack and Beard, 1985). The autoregulation
mechanism is based partly on the observation that a
temperature sensitive mutant of SV40 T-Ag (tsA58) fails
to bind to the regulatory region, fails to show reduced
early transcription, and fails to stimulate SV40 replication
at the restrictive temperature (Reed et al., 1976; Khoury
and May, 1977; Tjian, 1981). While Khoury and May (1977)
provided evidence which was consistent with autoregu-
lation they suggested an alternative explanation for the
overproduction of SV40 T-Ag RNA in cells infected with
SV40 tsA58. They proposed that T-Ag may regulate its
own production by stimulating the synthesis of late SV40
RNA. The synthesis of late RNA would then inhibit the
synthesis of early RNA. In addition to its inability to
stimulate replication at the nonpermissive temperature
of 40°C, tsA58 T-Ag is also unable to efficiently stimulate
late RNA production and, as indicated earlier, the relative
increase of late transcription over early transcription
does not require DNA replication (Tooze, 1982). Conse-
quently, the inability of tsA58 T-Ag to stimulate late RNA
synthesis at 40°C may itself lead to the relative overpro-
duction of T-Ag RNA. In addition, Tack and Beard (1985)
found that in extracts made from cells late in infection,
only 25% of the viral chromatin contained T-Ag. There-
fore, they concluded that some inhibition of early tran-
scription occurred without T-Ag binding to viral chroma-
tin and this mechanism operated via trans-acting factors
which favored late transcription by 10-fold over early
transcription.
Since replication is necessary to produce sufficient
viral DNA to serve as a template for maximal transcrip-
tion (Khoury and May, 1977), it may be argued that re-
duced T-Ag gene transcription is caused by reduced viral
DNA replication. Consistent with this is our observation
that a replication origin defective mutant of E-SV40 (ori2
E-SV40) produced very little T-Ag. However, in E- 1
L-SV40-cotransfected cells E-SV40 DNA is not underrep-
licated relative to L-SV40. In fact, E-SV40 is relatively
overreplicated. In addition, reduced replication of the
viral early region cannot explain the marked differences
in early and late SV40 gene expression in wtSV40 DNA-
transfected cells because all viral sequences are linked.
The late region of wtSV40 cannot replicate to higher
levels than the early region. Consequently, while the
SV40 late region reduces T-Ag production, the amount of
T-Ag which is produced is sufficient to stimulate viral
DNA replication.
E-SV40(776)1R contains regulatory region sequences
similar to those of wtSV40 DNA except that it is missing
the MLP and adjacent sequences. The MLP is also
deleted from E-SV40v1R. The deletion encompasses nu-
cleotides 273 to 353 (O’Neill, 1993). It is possible that the
deletion of these sequences allows T-Ag gene transcrip-
tion to occur at high levels without interference from the
late promoter. Consistent with this proposal is the ob-
servation that when the L-SV40 regulatory region alone
is cotransfected with E-SV40 DNA, T-Ag synthesis is
greatly reduced. Under this bipartite genome configura-
tion, only the regulatory region is required for downregu-
lation of T-Ag production.
Because only a ‘‘trans-acting’’ L-SV40 regulatory region
is sufficient to inhibit T-Ag production, it supports the
hypothesis that the inhibition operates through the se-
questration of transcription factors by the late promoter.
However, since plasmid DNA only inhibits early tran-
scription when present in cis, it suggests that there are
other mechanisms which regulate T-Ag synthesis. Con-
sistent with this are preliminary observations that other
SV40 coding regions, in addition to those deleted from
E-SV40, can influence T-Ag production. Further studies
are in progress to resolve these mechanisms.
It has been demonstrated that plasmid DNA, when
present in cis, inhibits SV40 DNA replication (Hanahan et
al., 1980; Myers and Tjian, 1980; Peden et al., 1980). We
have show here that SV40–plasmid chimeras produced
dramatically less T-Ag and less viral RNA. Also, the viral
RNA which is produced by the chimeras migrates anom-
alously. Since T-Ag is required for replication, perhaps
the greatly reduced amount of T-Ag explains reduced
replication observed by others. Consistent with the con-
clusion that the chimeras replicated poorly because they
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synthesize less T-Ag is the observation that such chime-
ras can be stably maintained in mouse cells but often
T-Ag was either poorly expressed or not expressed
(Hanahan et al., 1980).
Our interest in SV40 defective genomes has been
founded initially on the ability of the defectives to inhibit
wt virus growth and wt virus-induced cell killing (Brock-
man et al., 1973; Norkin, 1982; Carroll et al., 1981; O’Neill
and Carroll, 1983). The results described here suggest
that the defectives take advantage of a process (the early
to late switch) which occurs normally in SV40-infected
permissive cells. Other DNA viruses have a switch from
early to late gene expression (White and Fenner, 1994). It
may be possible then to engineer other defective viral




CV-1, TC-7, and BSC-1 are continuous green monkey
kidney cells which support lytic infection by wtSV40
(strain 776) and EL-SV40. EL-SV40 was generated from
wtSV40 after growth in human glioblastoma cells (O’Neill
et al., 1982, 1994). The great majority of experiments
were done in TC-7 cells because they were more effi-
ciently transfected and because SV40 growth was some-
what slower, making the experiments more manageable.
E- and L-SV40 each contain three regulatory and ter-
minus regions. However, nearly all of the remainder of
the late region sequences from E-SV40 and the early
region sequences from L-SV40 DNA were deleted during
the adaptation of SV40 to growth in glioblastoma cells.
Cos1 is an SV40 transformant of simian CV-1 cells which
constitutively produces T-Ag and is permissive for SV40
infection (Gluzman, 1981).
The SV40 major late promoter (MLP) double mutant
(pm322CxLS26) was kindly supplied by Janet E. Mertz.
pm322CxLS26 contains mutations at positions (21) and
(155) in the MLP and fails to bind several cellular factors
which inhibit SV40 late transcription early in infection
(Wiley et al., 1993). The construct also contains a frame
shift mutation in the Vp1 gene and is noninfectious. In
experiments with pm322CxLS26, we used p140 as a
control. P140 contains a wt structured viral genome and
a frame shift mutation at the ApaI site in the Vp1 gene
rendering it noninfectious. The early and late promoters
are wild type.
Modification and cloning of SV40 genomes
Table 1 lists and briefly describes the different SV40
genomes we analyzed. Figure 1 shows maps of wtSV40
DNA and of the early (E) and late (L) SV40 variant DNAs.
E-SV40(776)1R is a DNA fragment of wtSV40, from the
KpnI to the BamHI sites, in which most of the late region
is deleted. Also deleted is the MLP (nt 325) and some of
the neighboring sequences required for efficient tran-
scription initiation at nt 325 (Ayer and Dynan, 1988). It
was modified by the addition of XhoI linkers to the 59 and
39 termini and cloned at the XhoI site of p397. It contains
the wt T-Ag gene (O’Neill et al., 1993, 1994).
E-SV40v3R and L-SV40v3R were cloned directly from the
EL-SV40 variant DNAs and each contains three regulatory
regions. E-SV40v1R was derived from E-SV40v3R after re-
moval of two regulatory regions. These modifications were
made as described, by cleaving with BamHI or BglI and
self-ligating the large DNA fragment (O’Neill et al., 1993).
E-SV40v1R was cloned at the PstI, XbaI, or BamHI site of
p399, pUC19, or pSelect. As in E-SV40(776)1R, E-SV40v1R
has a deleted late region and a deleted MLP. Some of the
neighboring sequences required for transcription initiation
at nt 325 have also been deleted. Cloning at the BamHI and
XbaI sites allowed the T-Ag gene to remain uninterrupted
and these recombinants produced morphologic transfor-
mation of mouse and human cells (O’Neill et al., 1997). To
more closely compare E-SV40v1R with E-SV40(776)1R, we
added XbaI linkers at the BamHI sites of E-SV40v1R and
cloned into the XbaI site. E-SV40(776)1R and E-SV40v1R
genomes contained a single regulatory region and a single
terminus region which included the polyadenylation sig-
nals. Upon infection these modified DNAs will gradually
reiterate the regulatory-terminus regions (O’Neill et al.,1993,
and unpublished observations).
A replication origin defective variant of E-SV40v1R was
constructed by cleavage with SfiI and removing the 39
overhang with T4DNA polymerase digestion (O’Neill et
TABLE 1
SV40 DNAs Analyzed for T-Ag Production
or which Affect T-Ag Production
DNA Description
wtSV40(776) wtSV40 strain 776. One regulatory region
(1R).
E-SV40(776)1R Contains the T-Ag gene from wtSV40 strain
776 with one regulatory region (1R) and
a deleted late region.
E-SV40v1R Contains the T-Ag gene from E-SV40 which
is derived from the bipartite genome
variant EL-SV40 (O’Neill et al., 1982). It
contains a single regulatory region (1R).
ori2E-SV40 Small deletion at the BglI (SfiI) site in
replication origin of E-SV40v1R.
L-SV40v1R Contains the late region (L-SV40) from EL-
SV40 while the early region is deleted.
One regulatory region (1R).
L-SV40v1R Vp12 L-SV40v1R with a ;500-bp deletion in the
Vp1 gene. Not infectious.
L-SV40v1R Vp22/Vp32 L-SV40v1R with a frame shift mutation in
Vp2/Vp3 genes. Not infectious.
L-SV40 ori Regulatory region of L-SV40 (730 bp).
pm322CxLS26 An SV40 genome with mutations at
positions (21) and (155) in the major
late promoter. It also contains a Vp1
gene frame shift mutation.
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al., 1995). The viral DNA in this construct was noninfec-
tious but competent for cell transformation.
L-SV40v1R was generated from L-SV40v3R by cleav-
age with BglI followed by self-ligation of the large frag-
ment containing the late coding region and cloning into
the PstI site of pUC19 (O’Neill et al., 1993).
Cloning the L-SV40 regulatory region
A 730-bp BamHI fragment containing a single regula-
tory region from L-SV40 was cloned into the BamHI site
of pUC19. The BamHI fragment contained a single rep-
lication origin, the 21-bp repeats, a single transcription
enhancer, a single polyadenylation region, and the 39
termini of the large T-Ag and Vp1 genes (O’Neill et al.,
1994). The variant E-SV40 and L-SV40 genomes contain
sequence alterations within the T-Ag and capsid genes
and the regulatory region (O’Neill et al., 1993).
Generation of L-SV40 mutants
A Vp1 deletion mutant was formed by deleting the
region from EcoRI to ApaI. After ApaI cleavage of
L-SV40v1R, the 39 overhang was removed by T4 DNA
polymerase and an EcoRI linker was attached. After
cleavage with EcoRI, a 500-bp fragment (more than half
of the gene) was eliminated from the Vp1 gene. We had
difficulty removing a large fragment from the Vp2/Vp3
genes. Therefore, we generated a frame shift mutation
near the 59 end of the Vp2 gene by digesting with PpuMI,
filling in the 4-bp 59 overhang using the Klenow fragment,
and inserting a 10-bp BglII linker. Both the Vp1 and Vp2
mutants were noninfectious when complemented by
E-SV40v3R or E-SV40v1R DNAs.
Transfection of simian cells
CV-1, TC-7, and BSC-1 cells were transfected by a
modification of the calcium phosphate precipitation pro-
cedure (Chen and Okayama, 1987; O’Neill et al., 1995).
Our modification used 2–4 mg of DNA and Bes buffer at
a final concentration of 23 rather than 13, and transfec-
tion was carried out at pH 7.4–7.5 for 6–7 h. Then the
precipitate, which was still visibly attached to the mono-
layer, was removed with two or three 10-min washes of
a 0.4% EDTA containing buffer and the cells were
trypsinized and replated. The use of 23 Bes under these
conditions produced a twofold higher frequency of up-
take of DNA. The toxicity of the higher concentration of
the buffer was mitigated by a shorter transfection time
and the EDTA–buffer treatment.
For cells cotransfected with E-SV40 and L-SV40 ge-
nomes, we used 2 mg of E-SV40 DNA, 2 mg of L-SV40
DNA, and 4 mg of pUC19 DNA. For delivery of E-SV40
alone, cells were transfected with 2 mg of E-SV40 DNA
and 2–12 mg of pUC19 DNA. Plasmid DNA at as much
as a sixfold greater concentration than viral DNA
showed no trans inhibition of T-Ag production by E-
SV40 DNA. Prior to transfection of wtSV40 or EL-SV40,
the viral DNAs were cleaved from the plasmid vector
and self-ligated. In experiments where we wished to
analyze the cis affect of plasmid DNA on T-Ag produc-
tion, the viral DNA–plasmid DNA construct was trans-
fected as a chimera (O’Neill et al., 1993). The con-
structs which were transfected and then assayed for
T-Ag and Vp1 production are shown in Fig. 1.
T-antigen and Vp1 assays
T-Ag was assayed by immunoprecipitation of metabol-
ically labeled proteins and Western blotting, using mono-
clonal antibodies PAb108, PAb101, and PAb416 as de-
scribed (O’Neill et al., 1995, 1997). For immunoprecipita-
tion, transfected cells were incubated in Tran35S-label
(methionine) for 4 hours. Proteins were then extracted
and T-Ag was immunoprecipitated as described (O’Neill
et al., 1997). For Western analysis, the cells were trans-
fected and later the proteins extracted and subjected to
polyacrylamide gel electrophoresis. The blots were then
probed for T-Ag with a monoclonal antibody cocktail
containing 1:100 dilutions of PAb416 and PAb108 hybrid-
oma cell culture media. We used PAb416 for Western
analysis because it was more efficient than PAb101 or
PAb101 plus PAb108. For immunoprecipitation the
PAb101 plus PAb108 cocktail was more efficient than
PAb416. Vp1 was identified by Western analysis using
PAb597 (O’Neill et al., 1994). PAb597 was diluted 200-fold
from hybridoma medium.
In order to quantitate the amount of T-Ag with the inten-
sity of the T-Ag band on Western blots, we did the following:
We loaded 1, 5, 10, and 20 mg of total protein from extracts
of E-SV40-transfected cells in consecutive lanes. We then
probed with monoclonal antibody to T-Ag. The relative dif-
ference in T-Ag could then be directly related to the relative
change in intensity of bands (Fig. 2A).
Transcription assays
Simian cells were transfected with E-SV40 and wtSV40
DNAs and whole cell RNA (cell plus viral RNA) was
extracted and purified as described (Chromczynski and
Sacchi, 1987; O’Neill et al., 1993). For Northern blotting
analysis, the RNAs were subjected to electrophoresis on
agarose gels, transferred to Nytran filters, and hybridized
with [32P]dCTP-labeled SV40 DNA probes. For recogni-
tion of early SV40 RNA, we used as a probe the 1-kbp
SV40 early region NdeI fragment, and for late RNA we
used wtSV40 DNA or the viral late region EcoRV to EcoRI
DNA fragment.
We also investigated early and late SV40 mRNAs in
pm322CxLS26 and control p140-transfected TC-7 cells.
We used an Ambion RPA-2 kit from which we generated
strand-specific RNA probes. After hybridization to viral
RNAs, and treatment with RNase, we analyzed the pro-
tected fragments on a 5% acrylamide gel.
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Replication assays
Simian cells were transfected with E-SV40 DNAs and
1 to 3 days hence, viral plus cell DNA was extracted and
purified as described (O’Neill et al., 1994). Prior to South-
ern analysis, DNA was digested with a restriction endo-
nuclease (BamHI or PstI) which would linearize the viral
genome and then separately digested with the first en-
zyme plus DpnI or MboI. DpnI cleaves several times in
the early region but only digests methylated, Escherichia
coli-derived DNA. MboI cleaves at the same sites but
cleaves only nonmethylated DNA which appears after
replication in mammalian cells. Under proper conditions,
both DpnI-resistant DNA and MboI-sensitive DNA repre-
sented that DNA which has replicated in simian TC-7
cells. However, partially replicated molecules are more
completely digested by MboI than by DpnI (Brown, 1991).
Because not all molecules have completed replication in
the transfected cells, sometimes there is a small amount
of DpnI cleavage, while cleavage by MboI is complete.
After digestion, the DNAs were subjected to electro-
phoresis in 0.8% agarose gels, transferred to Nytran
filters, and hybridized to 32P-labeled dCTP wtSV40 DNA
or E-SV40 DNA probes, as described.
Hirt extraction and analysis of viral DNAs
Viral DNA was extracted from infected cells by a mod-
ified Hirt procedure (Hirt, 1967; O’Neill et al., 1993). It was
analyzed by digestion with several restriction endonucle-
ases (O’Neill et al., 1994).
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